Using a bioeconomic model of the cod (Gadus morhua) and capelin (Mallotus villosus) fisheries of the Barents Sea, this study assesses the role of the fishermen's behavior in reducing or intensifying the effects on the stocks caused by altered population dynamics. The analysis focuses on the economic development of the fisheries employing a profitmaximizing harvesting strategy over a given number of fishing periods. The scenarios assessed cover a time period of 100 years with sudden changes of the productivity of both species occurring at the midpoint of each simulation. Stock sizes and landings of fish are determined for each fishing period, and the net present values of profits over periods of interest prior to and following the change in population dynamics are calculated. Results show that if the profit-maximizing harvesting strategy is based on a short optimization period, the fleets with the higher efficiency are generally favored. If the strategy is based on an optimization over two or more fishing periods, fishing activities may be deferred to allow for stock regrowth. In such cases, smaller and less cost-intensive vessels are preferred. A reduction of either the productivity or the carrying capacities of the two species has little impact on the fisheries if the change is fairly small. A substantial reduction of either quantity has a lasting negative economic impact which mainly manifests itself in a severely reduced profitability of mainly the cod fishery.
Introduction
Changes in the population dynamics of fish can be brought about by altered environmental conditions. Shifts in temperature, salinity, or oxygen content have a direct influence on the reproductive success of fish species. A change in hydrographic conditions towards colder temperatures in the Barents Sea, e.g. due to a weaker thermohaline circulation (THC), would adversely affect recruitment success and thus the overall development of the ArctoNorwegian cod (Gadus morhua), since recruitment success of cod increases with warmer average water temperatures (Nilssen et al., 1994; Ottersen et al., 1994) for a given spawning stock biomass whereas year classes tend to be smaller during colder years. Capelin (Mallotus villosus) would be similarly affected by such a change in the Barents Sea temperature regime due to reduced food availability (Skjoldal et al., 1992) .
Lower productivity leads to smaller standing stock sizes and can sometimes even cause complete stock collapses, especially if the stocks are commercially exploited. For example, in the 1980s, the Barents Sea capelin stock collapsed after a shift in temperature which led to unfavorable recruitment conditions (Jennings & Kaiser, 1998) . Johnston and Sutinen (1986) show that the risk of a stock collapse due to environmental change increases the speed of optimal exploitation of the stock, regardless whether or not fishermen could turn to a replacement species if necessary. An aggressive harvesting strategy can therefore accelerate the depletion of a stock if it is employed in times of poor recruitment success. On the other hand, the use of a fishing strategy that allows deferring catches, such as profitmaximization over more than one fishing period under perfect market conditions, can help prevent or postpone the demise of a population by maintaining a larger spawning stock and thus improving chances of recruitment success.
The choice of an appropriate harvesting strategy by individual fishermen ultimately determines the success of large-scale management strategies. In an analysis of long-term fishing policies, Lane (1988) shows that there is often competition among fishermen striving to maximize their benefits. Short-term considerations of fishermen often focus on the improvement of their individual position within the fishing fleet, while in the long run the preservation of the stock plays a more important role. The objective of profit maximization as prime goal of the fishermen is generally more applicable in industrial than in small-scale fisheries (Robinson & Pascoe, 1997) . It may be the key motivation for effort allocation in many fleets, but there are other factors influencing the fishermen's behavior. An unstable and highly variable development of a fish stock can cause fishermen to refrain from the objective of profit maximization and to turn to cost-covering instead, just in order to remain in the market even through periods of low returns from fishing (Chaboud, 1995) . Salas & Gaertner (2004) stress the importance of incorporating the adaptation of the behavior of the fishermen to changes in fish population dynamics in fisheries models in addition to the ecosystematic interactions between the species incorporated in the model. Depending on the strategy chosen, anthropogenic harvesting regimes can intensify or alleviate the consequences of the environmental change for the population dynamics. In , we assessed the impacts of changes in population dynamics of the Barents Sea fish stocks if the fishermen follow adaptive harvesting strategies, i.e. the fishermen determine the extent of the fishing effort based on the economic result of the previous fishing periods. This study analyzes the economic development in situations of reduced reproductive success of the Barents Sea cod and capelin stocks for rational expectations of the fishermen, i.e. effort levels are determined solely on the basis of reaching the maximum possible economic returns from fishing over a specified number of fishing periods within the limits of fisheries management advice. This corresponds to the current management scheme of the Barents Sea fisheries: there is a total allowable catch (TAC) for both species but within this limit the fleets compete for the resources.
The bioeconomic simulation model focuses on the fisheries of the interacting stocks of ArctoNorwegian cod and capelin in the Barents Sea. It covers a time period of a century and looks at changes in productivity and the environmental carrying capacities. Cod and capelin fisheries were selected because of the great economic importance of the cod fishery and the important predator-prey relationship between the species. Therefore, changes in the Barents Sea capelin stock size will have an effect on the cod stock as well. In the following, the fisheries of cod and capelin in the Barents Sea are introduced. Then the effects of changes in the intrinsic growth rate or the carrying capacity on the equilibrium stock size are discussed for a simple bioeconomic model. The model used here and the data applied are presented in the subsequent section. Results of our model simulations are given in sections three and four. Section five discusses the consequences of changes in fish population dynamics on profit-maximizing fisheries of the Arcto-Norwegian cod and Barents Sea capelin stocks.
The cod and capelin fisheries in the Barents Sea
The Arcto-Norwegian cod stock is one of the most important commercially exploited fish stocks in the world (Sumaila, 1995) and undoubtedly the most valuable stock in the Barents Sea. It is jointly managed by fleets from Norway and Russia who annually set the TAC which is divided almost equally among them (Hannesson, 1996) . In recent decades the stock biomass has shown considerable variability, owing not only to the economic exploitation but also to changes in environmental conditions in the Barents Sea that are driven by the NAO (Hjermann et al., 2004) .
Long-term increases in fishing activity have led to a decline in stock size from more than 3 million tons in the 1950s to about 1 million tons in the 1980s (ICES, 2003a ). Short-term increases since then can be attributed to particularly successful recruitment events (Mehl & Sunnanå, 1991) . Cod is caught by large trawlers and numerous smaller coastal vessels. Annual catches of cod totaled slightly more than 400 000 tons in 2002 (ICES, 2003a) . The current total allowable catch of Arcto-Norwegian cod is set at 485 000 tons (CEC, 2005 ).
The capelin stock shows even larger fluctuations in stock size owing to its short life-span and the considerable predation pressure by cod. The stock size was relatively stable in the 1970s at roughly 4 million tons before being reduced to less than 200 000 tons in the 1980s and mid-1990s . Significant increases in stock biomass, as observed in the early 1990s are caused by the recruitment success of only one or two age classes and did not have a lasting impact. Annual catches rose steadily from the 1960s until the mid-1980s always exceeding 1 million tons, but dropped sharply over the course of only a few years, so that the capelin fishery needed to be closed from 1987 to 1990 (ICES, 2003b . Capelin was caught again for a few years in the early 1990s but fishing activities were halted again after a few years when the next dramatic decline of the stock occurred. At present, the fishery of Barents Sea capelin remains closed because of the consistently low stock biomass in recent years (CEC, 2005) .
Effects of changes in population dynamics in a simple bioeconomic model
In the following, the exploitation of a single fish stock is assessed under varying environmental conditions for different economic regimes. The biological growth process is described by a logistic growth function (Schaefer, 1957) . It relates the growth of the fish stock to its actual size B. In steady state, the amount of fish harvested h over a certain period of time equals the net biological growth of the fish stock. Thus h is proportionally related to the stock size by the fishing effort and the catchability coefficient q of the species.
In steady state, fishing revenue r (B) relates to the size of the fish stock as
where g 1 refers to the productivity and K denotes the carrying capacity.
The total costs of harvesting the fish stock ψ are assumed to depend linearly on the fishing effort E, where ω is the cost per unit effort.
(
In an open access regime, profits are zero, which means that the total costs equal the total revenue for each economic actor in the market. New economic actors cannot be excluded from entering the market. This can be used to determine the equilibrium stock size B eq under open access conditions OA: The opposite effect occurs when the carrying capacity changes due to variations in the environmental conditions. Let B max,1 be the initial carrying capacity and B max,2 the carrying capacity after the change. Under the assumption that the cost structure remains unchanged and that the revenue curve adjusts to the new carrying capacity, the new equilibrium stock size of fish becomes
which is lower than the original equilibrium stock size prior to the reduction of the carrying capacity. Fig. 1 shows a reduction of the carrying capacity by one third.
The consequences of economic exploitation of a fish stock are different if the fish is not harvested under open access but under perfect market conditions PM, e.g. if there is socially optimal exploitation of the resource and the social net benefits are maximized. In this case, the equilibrium stock size is
If the growth rate of the fish stock changes, the equilibrium stock size is
Pqg g Figure 1 . Impacts of a change of productivity or the carrying capacity in a simple bioeconomic model.
Thus, a lower growth rate increases the equilibrium stock size under open access (Fig. 1) . With perfect market conditions, the equilibrium stock size may increase or decrease depending on the extent of the growth rate reduction, since the first term tends to increase with a lower growth rate while the second term decreases for a reduced g. For sufficiently large changes in the growth rate, the latter will dominate and lead to an overall decrease in the equilibrium stock size, as shown in the given example..
If the carrying capacity of the fish stock changes, the new equilibrium stock size under perfect market harvesting conditions is lower than the original equilibrium. Here the change occurs in the same direction as in the open access fishery where a decrease in the carrying capacity leads to a decline in the equilibrium stock size as well:
The new steady state equilibrium stock size is significantly lower than the initial equilibrium stock size (Fig. 1 ).
This shows that a reduction in the carrying capacity has a more pronounced impact on the equilibrium stock size of the fish stock than a change in the growth rate of the fish. A reduction in the growth rate only leads to a slight decline in the equilibrium stock size under perfect market conditions while the equilibrium stock size even increases under open access conditions. On the other hand, a decline in the carrying capacity will have a severe negative impact on the equilibrium stock size under both harvesting regimes.
The model
In general, bioeconomic models of fisheries assess the magnitude of returns from fishing in a variety of scenarios with different economic conditions. Environmental conditions are usually considered to be constant, a reasonable assumption if the simulation period covers only a few years or decades. The model used in this study covers a longer time period. Changes in environmental conditions are assumed to influence the development of the stocks by affecting productivity or the environmental carrying capacities of the species. It is assumed that at the midpoint of each simulation, a sudden change of the productivity of both species and/or a reduction of the species' carrying capacities occurs which remains in effect until the end of the simulation period. Such shifts may occur if there are large-scale changes in hydrographic conditions, e.g. after a shutdown or considerable weakening of the THC, which would occur over a time horizon of only a few years. Therefore, the impact on the reproductive success of the fish stocks would be quite immediate as is the case in these simulations. Since a shift in the state of the THC would take a long time to reverse, we assume that the fish population dynamics remain in the altered state until the end of the simulation period.
Two species are covered in the model: cod and capelin. Cod prey on capelin. The cod stock is exploited by two competing vessel types, trawlers and coastal vessels. Since the purse seine fishery is the dominating form of capelin fishery, only this vessel type is considered here. Both stocks are jointly managed by Norway and Russia, but we do not distinguish between fishermen. Management schemes, such as quotas, are disregarded.
The simulations of the model extend over a time horizon of one century. A fishing period is one year. For reasons of comparability of the scenarios, inter-annual natural variability of recruitment success and survival rates of the individual age classes are disregarded.
Variables concerning the development of the stock size and the economic exploitation of the two species are determined for each fishing period. The scenarios are compared to a reference case in which the population dynamics remain unaltered. In addition, sensitivity analyses using the reference scenario are conducted to determine the influence of changes in key parameters on the simulation results. These quantities are the share of capelin devoted to human consumption and the discount rate. Key equations of the model are listed in Table 1 .
Population dynamics of cod and capelin
The model distinguishes 15 age-classes for cod and 5 for capelin. The number of individuals in each age class and the stock biomass at the beginning of a fishing period are known (Eq. 2.1). The number of fish is reduced by harvesting (Eq. 2.2). The predator-prey relationship between the two species is also considered by further reducing the number of capelin (Eqs. 2.6 & 2.7) and increasing weight of cod (Eq. 2.8, cf. Magnússon & Pálsson, 1991) . The average capelin weight-at-age is assumed constant. Recruitment adds to the lowest age class and depends on the stock size at the end of the harvesting period (Eq. 2.3). The number of recruits (Eq. 2.4) is determined by using a Beverton-Holt recruitment equation (Beverton & Holt, 1954) , which is commonly used in agestructured models of the Barents Sea fish stocks. The parameters are set such that in the reference scenario the carrying capacities are 6 million tons for cod (Sumaila, 1997) and 10 million tons for capelin. They are updated after each fishing period based on a procedure by Clark (1990) that relates these parameters to the carrying capacity and reproductive potential. Thus, changes in fundamental stock properties are linked to recruitment success and therefore to the development of the stock over time. The age classes at the beginning of the next fishing period consist of the surviving individuals of the next younger age class in the previous year. Cod older than 14 years accumulate in the 15+age class (Eq. 2.5).
The fisheries
The number of fish caught (Eq. 2.9) is used to determine the weight of the entire catch in each fishing period. It is assumed that the demand curve is perfectly elastic, i.e. the market prices for both species remain constant regardless of the quantities landed. A fixed portion of capelin is sold for human consumption at a higher price while most of the catch is used for the production of fish meal and oil: Here, we use a weighted average that is slightly above the capelin price for industrial use.
Profits of each fleet (Eq. 2.12) reflect differences between revenues from sales of landings (Eq. 2.10) and the total cost of fleet operation. Total costs consist of fixed costs for fleet maintenance which are independent of fleet utilization, and variable costs directly related to the extent of fleet utilization (Eq. 2.11), which is measured as a percentage of the fishing period in which the vessels are actually engaged in harvesting activities. Vessels may enter or leave the fisheries depending on the economic returns in previous fishing periods. If harvesting operations of a fleet are profitable for five successive years, economic exploitation of the stock is increased, and the number of vessels rises by 3%. In contrast, if fishing operations are unprofitable, vessels are phased out to cut costs and the fleet size is reduced accordingly by 3% (Eq. 2.14).
In this study, we focus on profits from fishing in three different time periods of 15 years (the average lifetime of a vessel): the period 30-44 years (i.e. a time period before the change in population dynamics), 50-64 years (i.e. the time period revealing short-term impacts of the change in population dynamics), and 70-84 years (i.e. a time period in which long-term impacts of changes in population dynamics become evident). Profits are discounted at rate δ (Eq. 2.13). The control variable is the fishing effort. Economic exploitation of fish stocks is limited by stock size and population dynamics of the two species.
The harvesting strategies of the fishermen
The assessment in this study considers a situation where fishermen maximize profits over a number of fishing periods which is specified prior to the simulation. Three different durations of the optimization period are used in the simulations: one year, five years, and fifteen years. An optimization period of one year is the situation in which the fishermen are sure that their fishing license will be withdrawn in the near future, or that their vessel is depreciated and they have decided to retire. With a five-year optimization period, there is a reasonable certainty that fishing will be allowed for some time but not in the long run. An optimization period of fifteen years resembles the case in which the fishermen are sure that they will be able to harvest for the entire expected lifetime of the vessel.
For all vessel types the sets of fleet utilizations are determined that yield maximum profits for the whole optimization period based on the given stock sizes and population dynamics. The optimal fleet utilization for the current fishing period is applied and the stock information is updated accordingly. The optimization is repeated in each fishing period to account for the actual development of the fish stocks.
Since regulatory management measures of the cod stock affect both trawlers and coastal vessels, profits for these vessel types are maximized jointly. Profits from purse seiners used in the capelin fishery are considered separately. We assume perfect information, i.e. the stock sizes and age distributions of both species at the beginning of the harvesting period are known to the fishermen. Regulatory management measures to protect the stocks from overfishing are also considered: If the cod and capelin stock biomasses fall below 500 000 t or 1 000 000 t respectively, harvest activities of the respective fisheries cease. Above these thresholds, the TAC is assumed to be 30% of the stock biomass for cod and 50% for capelin.
Results
A series of simulations was conducted to assess the consequences of changes in fish population dynamics on the fish stocks and the resulting economic impacts. In each 100 year simulation, a sudden decrease of productivity or the environmental carrying capacity was set to occur in year 50. In the following analyses, it is assumed that the change is of the same magnitude for both species. Results of simulations in which the change in population dynamics is markedly different are summarized in a subsequent section. The initial stock sizes were obtained using the average number of individuals in each age class during the time period from 1983 to 2002 for cod (ICES, 2003a) and capelin (ICES, 2003b) . The simulations use the same parameterizations as the analyses in .
The economic consequences of changes in population dynamics are assessed under the assumption that all fleets determine their respective fishing effort based on profitmaximization over five years. In each fishing period, a set of fishing efforts is determined that would yield the best economic result over the following five years. The optimal effort to be applied is updated after each fishing period based on the actual stock development and the associated fishing effort is adjusted accordingly. In the sensitivity analyses, time horizons for profit maximization of one year and 15 years are considered as well.
This assessment focuses mainly on the simulations with an optimization period of five years since it can be assumed that the fisheries of cod and capelin in the Barents Sea are not going to be closed permanently in the near future. Moreover, the results of simulations with optimization periods of five years and fifteen years do not differ to a great extent which suggests that the extension of the time horizon of the profit maximization far into the future does not add to the economic success of the fisheries.
Impacts of a reduction of productivity
A decline of productivity of both species has a negative long-term impact on the stock sizes of both cod and capelin. The average cod stock size before the change in population dynamics varies between 1.25 and 2.5 million tons of biomass. It takes a reduction of the productivity of 40% or more to cause a long-term reduction of the stock size below the mark of 1.5 million tons (Fig. 2 ). The capelin stock shows some resilience to reductions in productivity. A clear decline in stock size following the change in population dynamics occurs only for a decline of the productivity of 30% or more, whereas it remains in the initial biomass range of the stock otherwise.
Average annual catches are generally negatively affected by reductions of productivity: starting from the situation in which the market share of trawlers dominates the cod fishery, trawl catches remain fairly stable for little changes in productivity. For large reductions, average annual catches are cut in half in the long run. The relative importance of the coastal vessels is initially very low and catches decline even further in all scenarios of reduced productivity shortly after the change in population dynamics. In later decades, coastal vessels become more important, especially if cod productivity is severely impacted (Tab. 2). This suggests that in periods of low cod recruitment, profit maximization over several fishing periods in the long run favors the fleet type with lower operating costs. A small change in capelin productivity has hardly any impact on the capelin fishery as catches remain stable throughout the simulation period. For reductions of 30% or more, however, capelin catches decline considerably compared to the large landings in the reference scenario.
The net present values of profits of the three fleet types develop differently over time when profits are maximized over five fishing periods. While the profitability per vessel of the trawlers is greatest when cod productivity is not or only slightly impaired, the profit index of the coastal vessels generally decreases for lower productivity (Tab. 3). If there is a large change in productivity, it sometimes happens that harvest activity and profitability shift from cost intensive trawlers to smaller coastal vessels. Also, for a larger decline of productivity the impact on the stock is big enough to cause the cod fishery to become unprofitable in the long run. The number of vessels employed in the cod fishery declines over time in all scenarios. While the number of trawlers remains stable and only increases by 40% if cod productivity is halved, coastal vessels decline by one third to one half over the simulation period. The net present value of profits of the capelin fishery remains constantly positive regardless of the scenario. This leads to a continuous increase of the number of purse seiners engaged in the capelin fishery up to a doubling at the end of the simulation period. After the change in population dynamics, the profitability of the purse seine fleet is in the long run negatively affected by the reductions in productivity (Tab. 3).
Consequences of changes of the environmental carrying capacities
A reduction of the environmental carrying capacities of both fish species has a similar effect on the stocks as a reduction in productivity: the sizes of the cod and capelin stocks decrease, but here the reduction is less pronounced. There is a generally declining trend in the cod stock biomass for decreased carrying capacities. However, for a change in productivity by 30% or less, the stock size remains within or close to its fluctuation range in the reference scenario (Fig. 3) . Only a 50% reduction of the carrying capacity leads to lower biomass levels from which the stock cannot rebuild. In this scenario, the stock declines a little more than 1.0 million tons and remains stable at this reduced level for the rest of the simulation period.
The impact of a reduced carrying capacity on the development of the capelin stock is rather weak. With the stock biomass already fluctuating substantially in the reference scenario, only large reductions of the carrying capacity cause the stock size to permanently deviate downward from the original range of fluctuation (Fig. 3) . After the initial reduction of the capelin stock arising from the changed carrying capacity, the stock biomass remains stable at the new level, which amounts to 2.5 to 3.5 million tons regardless of the magnitude of the decline of the carrying capacity. A lower cod carrying capacity generally leads to smaller annual catches by trawlers. However, the decline exceeds 25% only if the carrying capacity is halved (Tab. 4). In contrast, average annual catches by coastal vessels even increase in the long run, as the less cost-intensive coastal vessels can even take over market shares from trawlers.
Catches of capelin are similarly affected by a change in the carrying capacity of the species as by a reduction of productivity. In the first few years after the change in population dynamics, average catches decline by a little more than 20% compared to the reference scenario (Tab. 4). In later years, average annual capelin catches decline slightly further but the overall reduction remains less than a third from the original harvest amount in all scenarios. A reduction of the environmental carrying capacities has a lesser impact on profits than a decline of productivity. The trawlers' profits remain at least stable in all scenarios (Tab. 5). Initially, a change in the carrying capacity is unfavorable for the coastal vessels. However, the profit index of the coastal vessels develops positively in the long run. The profitability of the purse seine vessels is stable throughout the simulation period and develops similarly to the scenarios with a changing productivity. It has to be noted that the development of the fleet sizes is essentially the same as for the change in productivity: the number of trawlers hardly changes, coastal vessels decline by one third to one half, while the capelin fishery can expand, particularly in the last decades of the simulation period.
Combination of both effects
So far, we considered the cases in which the change in population dynamics is of the same extent for both species. If the change in productivity or carrying capacity is much greater for one species, the resulting scenarios can be divided into two categories: (1) if the change in the cod stock is much greater than in the capelin stock, profitable harvesting of cod is no longer possible in the long run. The capelin stock remains at initial stock levels or even increases in some scenarios which helps the capelin fishery since a larger share of the stock is available for exploitation because of decreased losses from predation. (2) Vice versa, a much larger change in population dynamics of capelin practically leads to a collapse of the capelin stock. The smaller capelin stock faces a stable cod population which drives down the capelin stock size in addition to harvest activities. The cod fishery is not positively affected by such a development. However, economic results remain stable throughout the simulation period.
We also explored the possibility that a change in environmental conditions causes both productivity and the environmental carrying capacities to be affected at the same time so that both changes in population dynamics were combined to assess how a simultaneous change of these quantities affects economic returns to the cod and capelin fisheries. Results show that the profits from fishing are only marginally affected when both changes in population dynamics occur concurrently as long as the magnitude of the changes in population dynamics is 20% each or less. In these cases, the amount of fish landed and the net present value of profits fall within the same range as in the scenarios described above. On the other hand, if the reduction of productivity and the carrying capacities exceeds 30% each, there are substantial impacts on both stocks. The biomass of both stocks declines by more than two thirds and this in turn has negative impacts on the fisheries. In the period of interest between the years 70 and 84, the cod fishery almost comes to a complete standstill regardless of the time horizon of profit maximization. The returns of the capelin fishery also decrease substantially but remain slightly positive, which is not sufficient to compensate for the deficits accrued by the cod fishery.
Sensitivity analyses
In the sensitivity analyses, we explore the influence of changes in key economic parameters on the stocks and their respective fisheries, viz. the average market price of capelin and the discount rate. Therefore, in contrast to the scenarios of changes in population dynamics, the nature of the stock-recruitment relationship does not change in the sensitivity analysis. Nonetheless, the economic development of the fisheries varies distinctly depending on the setting of these key economic parameters.
Influence of the share of capelin devoted to human consumption
Traditionally, most of the Norwegian capelin catches is used in the production of fish meal and oil. However, in recent years there has been an increase in the amount of capelin that is exported and used for human consumption. Close to 50% of the capelin landed by Norwegian fishermen was exported in 1999 (Statistisk Sentralbyrå, 2000) with the market price for capelin that is exported being up to seven times as high as the price for capelin that is used industrially (Fiskeridirektoratet, 2001 ).
In the previous analyses, it was assumed that capelin is entirely harvested for industrial purposes and the respective market price was used. Here, the share of capelin used for human consumption is set to different levels between zero and 50%. Consequently, the market price of capelin increased with more capelin being used for consumption. It is assumed that the market price for capelin that is used industrially P cap,ind is Nkr 0.60 per kg while the market price for capelin that is used for consumption P cap,hum is Nkr 4.20 per kg, so the average price level of capelin in the simulations turns out to be between 0.60 and 2. Index 100 = 10.0 Table 6 : Influence of an increase of the average market price of capelin on profits from fishing
Simulations with different price levels of capelin show that the amount of capelin caught in each fishing period hardly varies despite the increased value of the resource. This can be explained by the fact that in each case the fleet utilization of the purse seine vessels is quite high so there is only little room to expand the fishing effort. However, the net present values of profits of the capelin fishery increase substantially (Tab. 6) for a higher average fish price. Already if only 10% of the capelin catches are used for human consumption, the average capelin price increase causes the net present values of profits in the capelin fishery to increase substantially, compared to the scenario in which all capelin is harvested for industrial processing. The overall profits from fishing are higher if the profit-maximizing harvest strategy considers only a short period of time since this causes fishermen to harvest more aggressively which leads to higher annual catches to start with.
So regardless of the optimization period, it is very advantageous for the capelin fishery to have part of the landings sold for human consumption. However, it has to be noted that only if profits are optimized without any future considerations, the economic result remains high in the later decades of the simulations. For longer optimization periods, the profitability decreases over time due to the increasing tendency to postpone catches to allow for further stock growth. This strategy leads to diminishing returns in the long run since capelin that is not harvested serves as additional food source for cod. The cod fishery is affected little by changes in the price level of capelin as landings and profits from fishing hardly differ in these simulations. Table 7 : Influence of the discount rate on profits from fishing Since the objective is to maximize the discounted profits over a given optimization period, variations in the discount factor have an influence on the optimal harvesting strategy and therefore on landings and profits. In order to determine the influence of the discount rate on the profits from fishing, simulations of the reference scenario are conducted with various discount rates ranging from 1% to 15% for optimization periods of one, five and 15 years. In this sensitivity analysis no change in population dynamics of fish occurs to ensure comparability between the scenarios. The assessment of the influence of the interest rate focuses of the time period between years 30 and 44, which is representative for all three periods of interest.
For an optimization period of only one year, the returns from fishing of the fleets harvesting cod are highest for an interest rate of 7% (Tab. 7). Because of the considerable interannual variability of cod landings, the profits of the trawl fishery are also quite large for higher interest rates, when good years of fishing at the beginning of the period of interest cannot be offset by less successful years shortly afterwards. The generally low profitability of the coastal vessels confirms that the strategy of utilizing mostly trawlers to harvest cod and leaving the coastal vessels with constantly small landings is independent of the interest rate. In contrast, the profits from harvesting capelin are high and stable for practically all discount rates.
The situation is different if the optimization period is five or fifteen years. The shift of harvest activities from trawlers to coastal vessels becomes apparent in the improvement of the general profitability of the coastal vessels while the net present values of profits of the trawlers becomes negative more often (Tab. 7). The profits of the capelin fishery remain positive but are distinctly smaller than in the optimization over a short time horizon. Just as observed for the cod fishery, this is due to fishing periods in which harvesting activities are skipped to increase the profitability in subsequent fishing periods.
Discussion and conclusion
The simulations show that adverse changes in fish population dynamics have a mostly negative long-term impact on the stock sizes of both fish species assessed. As in the cod stock, the extent of the decline in stock size is smaller for the change in the carrying capacity than for the reduction in productivity. This has to do with the interaction between the two species in the simulation model: when the carrying capacities of the two species are reduced, the downward trend of the cod stock size is more pronounced than for the change in productivity, causing a release of the predation pressure. This in turn has an offsetting effect on the capelin stock which can recover back close to the range of fluctuation prior to the change in population dynamics despite a sometimes significantly lower carrying capacity.
The smaller stock sizes generally lead to decreased landings. However, the development of harvests is different for all fleets. The trawlers are almost always negatively affected whereas the market share of the coastal vessels actually increases in the long run, particularly for changes in the carrying capacity, owing to a shift of fishing effort in the cod fishery away from the cost-intensive trawlers to the smaller coastal vessels. The capelin fishery also experiences somewhat smaller harvests after the adverse change in population dynamics. However, this development has only little influence on the profitability of the capelin fishery.
Despite the large variability in the profit indices of all fleets, the generally reduced landings of both species affect the profits of the fisheries in particular ways. The overall development of the trawlers' profits is shows no clear trend: compared to the reference scenario, in which the net present values of profits are quite low to start with, the trawlers' profits remain stable regardless of the extent of the change in population dynamics. In some scenarios, the profits in the periods of interest can even increase despite the impaired stock dynamics. In the long run, the relative importance of the coastal vessels increases in many scenarios and so do their profits. This development is much more pronounced in the scenarios of changes in carrying capacity, particularly in years 70 through 84.
The profits of the capelin fishery remain positive throughout the simulation period and show a similar development for both kinds of change in population dynamics. Shortly after the changes, there is only little impact on the profitability of the capelin fishery. Only some decades later the profits per vessel decline for pronounced reductions of productivity or carrying capacity. It has to be noted, however, that the decline in profits per vessel is also influenced by the growing number of vessels employed in the capelin fishery that can be generally observed.
The simulations show that the length of the optimization period has a distinct impact on the results: first of all, the shorter the optimization period, the more aggressive the harvesting strategy becomes. Overall landings and net present values of profits are highest if the optimization period is only one year as there is no deference of harvesting activities. This setup greatly favors trawlers over small coastal vessels due to the larger catch efficiency of the former as the standing cod biomass is lower than in the simulations with an optimization period of several years. The longer the optimization period, the greater the importance of the coastal vessels in the cod fishery becomes. This is because with long optimization periods, the frequency of harvesting periods in which catches are deferred increases compared to short optimization periods and such strategy favors the fleet type that has the lowest cost per unit effort. The capelin fishery also obtains the best economic results for short optimization periods, those in which the cod stock biomass are lowest. This way, the losses to predation are minimized and it is easiest to maintain large landings and stable profits.
A comparison of the results of the simulations with ICES stock assessment data shows that for the 5-year profit maximization the average stock size of cod in the model is slightly overestimated while the calculated catch sizes are somewhat lower than the officially published values. Currently, the cod stock in the Barents Sea has a biomass (age 3 and older) of about 1.5 million tons and cod landings total roughly 450 000 tons, most of which is caught by trawlers (cf. ICES, 2003a; Michalsen, 2004) . In the simulations, the cod stock biomass varies between 2 and 3 million tons in the reference scenario and annual harvests amount to somewhere around 200 000 tons, with trawler accounting for most of the total cod catches. However, the model results for the capelin stock and the amount of capelin harvested deviate to a larger extent from the actual development: The model generally overestimates the capelin stock size which causes the catch size of capelin by the purse seine vessels and the subsequent economic result of this fishery to be too high. The consequence of this overestimation is that the importance of the capelin fishery in the profit maximization is too large compared to the cod fishery. If the capelin biomass were lower and subject to a larger variability than in the current model version, the role of the fleets harvesting capelin would be weakened relative to the fleets harvesting cod assuming a profit-maximizing harvest strategy is applied.
The discrepancy between the model and reality occurs because the model only considers the predator-prey relationship between cod and capelin. While it is necessary to consider this important interaction between the two species, interactions of capelin with other species are neglected. This omission is the main reason for the deviation of model results from reality. One possibility to increase the quality of simulation results of capelin is to include the occurrence of young herring (Clupea harengus) in the Barents Sea in the model. Young herring feed extensively on capelin larvae, and their presence could result in a severely reduced recruitment success of capelin (Gjøsaeter and Bogstad, 1998) . This would lead to a significantly reduced capelin stock that can only rebuild when the young herring have left the Barents Sea to join the adult part of the herring stock in the Norwegian Sea.
The strategy of periodic harvesting when conditions are best suited for fishing may yield particularly large catches in some years but in several ways it can hardly be considered as optimal: if the stocks are exploited very heavily in some fishing periods, this has negative impacts on the spawning stock biomasses and thus on the capabilities to replace the losses from harvesting. Furthermore, the frequent occurrence of fishing periods in which there is no fishing activity of a given fleet makes it necessary to use labor punctually instead of continuously. In reality, this would mean hiring a large number of fishermen for a short period of time and then laying them off again if it is optimal to cease fishing again soon afterwards. This is by no means a practical way to deal with the variability in the exploitation of commercial fish species.
Despite the simplifications embodied in our simulation model, it is possible to obtain some insights about the possible consequences of a reduction in productivity or the environmental carrying capacities on the cod and capelin stocks in the Barents Sea and the catches of their fisheries under profit-maximizing harvesting strategies. Further development of the model will be conducted in order get a more differentiated view of the economic consequences caused by a change of the population dynamics of the exploited fish stocks arising from changes in climatic or hydrographic conditions. 
